INTRODUCTION {#SEC1}
============

Epithelial-to-mesenchymal transition (EMT) is a fundamental developmental process that has been associated with metastasis, in which carcinoma cells lose their epithelial features and acquire invasive properties ([@B1]--[@B4]). Although metastasis is the main cause of cancer-related death, current EMT markers have not been consistently associated with a poor clinical outcome ([@B5]). This disparity is partly because the molecular mechanism of EMT is strongly dependent on the cellular context in which it happens ([@B2],[@B3]) and the associated gene regulatory networks (GRNs) are often only partially characterized. For example, TGF-β signaling can induce EMT in numerous cell lines and during the differentiation of multiple tissues and organs, but very different transcriptional responses are observed in different cell types ([@B6],[@B7]) and the underlying mechanisms are largely unknown. Recently, it has been shown that cell-type-specific master transcription factors (TFs) are responsible for directing SMADs to gene targets thus can determine cell-type-specific responses of TGF-β signaling ([@B8]). This observation is consistent with the extensively characterized transcriptional regulation of the E-cadherin gene during EMT where more than ten TFs have been reported to repress E-cadherin expression in numerous cellular models ([@B2],[@B3]), suggesting that additional undiscovered factors could regulate EMT.

Another limitation in our current understanding of EMT is that the established transcriptional regulators are typically studied individually. Hence, the synergistic action among cooperative TFs, which has emerged as a general characteristic of enhancers ([@B9]), has not been explored in the transcriptional programs of EMT. Moreover, super-enhancers, which are characterized by unusually high cumulative binding of multiple TFs, show more sensitivity than regular enhancers toward inhibitors of BRD4, a transcriptional coactivator that is generally involved in enhancer function ([@B10]). Because master TFs that dictate transcriptional programs in numerous cellular models have been associated with super-enhancers ([@B11],[@B12]), it is of particular interest to examine whether master TFs regulating EMT are also associated with super-enhancers and consequently, the utility of BRD4 inhibitors to abolish EMT.

In addition to employing complex molecular mechanisms, EMT also exhibits phenotype dynamics that is characterized by progressive loss of epithelial hallmarks coupled with gradual gain of mesenchymal properties ([@B3],[@B4]). Emerging evidence suggests the existence of a partial-EMT (P) state that serves as an intermediate state between the epithelial state (E) to mesenchymal state (M) transition ([@B13]--[@B16]). The three-state model of EMT suggests that a clear understanding of the partial-EMT state could provide key insights into the metastatic process. Thus far, EMT has been largely studied by analyzing the beginning epithelial state or the ending mesenchymal state, mainly due to the tremendous difficulty in isolating partial-EMT cells ([@B17]). However, a number of cellular models, such as TGF-β-induced EMT, have been established ([@B18]--[@B20]). Thus, a time-course analysis of cells undergoing EMT could reveal the essential characteristics of partial-EMT cells.

In this study, we addressed the hypothesis that the temporal activation of multiple cooperative master TFs mediated by super-enhancers might characterize the partial-EMT state. To this aim we conducted a systematic analysis of the time-course gene expression profile of TGF-β-induced EMT and of public cistromic data. We identified three novel synergistic master TFs that are associated with super-enhancers. The cumulative binding of the master TFs characterizes EMT-associated genes and the synergistic action of the master regulators is essential for the partial-EMT state. Our analysis demonstrated the utility of systematic approaches to identify master regulators of EMT and suggested that super-enhancer-associated master regulators may be valuable for the diagnosis and therapeutic intervention of metastasis.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture {#SEC2-1}
------------

A549 cells were maintained in Dulbecco\'s Modified Eagle\'s Medium:Nutrient Mixture F-12 (DMEM/F-12) (Corning) supplemented with 10% fetal bovine serum (FBS). To induce EMT, A549 cells were seeded 24 h before induction to reach ∼70% confluence. The induction of EMT was performed following published protocols ([@B21]). Specifically, TGF-β1 (Pepro Tech) was added to a final concentration of 4 ng/ml and medium with TGF-β1 was replaced every other day.

RNA isolation and quantitative real-time PCR {#SEC2-2}
--------------------------------------------

Total RNA was isolated from cells using TRIzol reagent (TaKaRa). Reverse transcription was performed using the PrimeScript™ RT Reagent Kit (TaKaRa) and gDNA Eraser (Perfect Real Time) according to the manufacturers' instructions. Quantitative real-time PCR (qPCR) was performed using the SYBR Premix Ex Taq (Tli RNase H Plus) system on an ABI Step One Plus machine (Applied Biosystems). The experiments were performed in triplicate, and the values were normalized to that of GAPDH. For absolute qPCR, the standard curves were generated using coding regions of SNAI1, SNAI2 and JUNB as described by Denzler *et al*. ([@B22]). The primer sequences are as follows: ETS2 qPCR fwd, CCCCTGTGGCTAACAGTTACA; ETS2 qPCR rev, AGGTAGCTTTTAAGGCTTGACTC; HNF4A qPCR fwd, CACGGGCAAACACTACGGT; HNF4A qPCR rev, TTGACCTTCGAGTGCTGATCC; JUNB qPCR fwd, ACAAACTCCTGAAACCGAGCC; JUNB qPCR rev, CGAGCCCTGACCAGAAAAGTA; FOXP1 qPCR fwd, TGGCATCTCATAAACCATCAGC; FOXP1 qPCR rev, GGTCCACTCATCTTCGTCTCAG; CDH1 qPCR fwd, TCAGGCGTCTGTAGAGGCTT; CDH1 qPCR rev, ATGCACATCCTTCGATAAGACTG; CDH2 qPCR fwd, ACAGTGGCCACCTACAAAGG; CDH2 qPCR rev, CCGAGATGGGGTTGATAATG; SNAI1 qPCR fwd, GGCCCACCTCCAGACCCACT; SNAI1 qPCR rev, GCGGGGACATCCTGAGCAGC; SNAI2 qPCR fwd, TGTGACAAGGAATATGTGAGCC; SNAI2 qPCR rev, TGAGCCCTCAGATTTGACCTG; GAPDH qPCR fwd, GAGTCAACGGATTTGGTCGT; GAPDH qPCR rev, GATCTCGCTCCTGGAAGATG.

Transient siRNA knockdown {#SEC2-3}
-------------------------

Cells were seeded in six-well plates at a density of 1 × 10 ^5^ cells/well and were cultured until they reached 40% conﬂuence. Cells were then transfected with a negative control siRNA (Silencer ^®^, Life Technologies) or with siRNAs targeting JUNB, ETS2 and HNF4α at a ﬁnal concentration of 100 nM using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer\'s instructions. Twenty-four hours after transfection, TGF-β1 was added to the cell culture to induce EMT. The mRNAs and proteins were extracted for analysis of the effects of the siRNAs at 24 h into EMT. The following are the siRNA sequences: ETS2, sense 5′-GUCUGGUGAACGUGAAUCUTT-3′, antisense 5′-AGAUUCACGUUCACCAGACTT-3′; HNF4A, sense 5′-ACACCACCCUGGAAUUUGATT-3′, antisense 5′-UCAAAUUCCAGGGUGGUGUTT-3′; JUNB, sense 5′-ACAAGGUGAAGACGCUCAATT-3′, antisense 5′-UUGAGCGUCUUCACCUUGUTT-3′.

Transwell migration and invasion assay {#SEC2-4}
--------------------------------------

The in vitro cell migration assay was performed using Transwell chambers (8-μm pore size; Costar). A549 cells transfected with siRNAs were plated 24 h post-transfection in serum-free medium (5 × 10 ^4^ cells per Transwell). TGF-β1 was added to upper chamber at a final concentration of 5 ng/ml. Medium containing 10% FBS in the lower chamber served as a chemoattractant. In the case of JQ1, 500 nM compound was added to both upper and lower chambers 6 h after the addition of TGF-β1. After 24 h, the non-migrating cells were removed from the upper face of the filters using cotton swabs and the migratory cells located on the lower side of the chamber were stained with crystal violet, air dried, photographed and counted. Images of six random fields at 10× magnification were captured from each membrane, and the number of migratory cells was counted. Similar inserts coated with Matrigel were used to determine cell\'s invasive potential in the invasion assay.

Fluorescence microscopy and staining for ETS2, HNF4A, JUNB and SMAD3 {#SEC2-5}
--------------------------------------------------------------------

2×10^5^ A549 cells were seeded in a 30-mm confocal dish. 24 h into TGF-β-induced EMT, cells were fixed in 4% paraformaldehyde, permeabilized in 0.2% Triton X-100 and probed with specific primary antibodies for ETS2 (Santa Cruz, sc-365666), HNF4A (Santa Cruz, sc-6557), JUNB (CST, 3753) or SMAD3 (CST, C67H9). The primary antibodies were then detected using matching fluorescent secondary antibodies. To detect nuclei, cells were co-stained with 4′-6-diamidino-2-phenylindole (DAPI; Invitrogen). Cells were observed on a Leica TCS SP8 Confocal Laser Scanning Microscope. Images were analyzed with Zeiss ZEN software.

Immunoblotting analyses {#SEC2-6}
-----------------------

Protein lysates were prepared in the presence of PIC (protease--inhibitor complex) and PMSF. Twenty-microgram aliquots were separated on 8% SDS-polyacrylamide electrophoresis gels, and the proteins were transferred onto a polyvinylidene difluoride membrane (Merck Millipore). The membrane was incubated for 1 h in blocking buffer (Tris-buffered saline containing 0.1% Tween (TBS-T), and 5% non-fat dry milk) followed by incubation overnight at 4°C with the primary antibodies for ETS2 (Santa Cruz, sc-365666), HNF4A (Santa Cruz, sc-6557), JUNB (CST, 3753), FOXP1 (Abcam, ab16645), CDH1 (CST, 3195S) and CDH2 (CST, 14215S). After washing with TBS-T, the blot was incubated with horseradish peroxidase (HRP)-conjugated secondary antibody and the signals were visualized using an enhanced chemiluminescence system according to the manufacturer\'s instructions (Kodak).

Immunoprecipitations (IPs) {#SEC2-7}
--------------------------

Twenty-four hours into TGF-β-induced EMT, A549 cells were washed, and whole cell lysates were prepared in lysis buffer containing 20 mM HEPES--KOH (pH 7.9), 150 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA, and 10% glycerol and freshly supplemented with 10 mM NaF, 1 mM Na~3~VO~4~, 1 mM PMSF, and a protease inhibitor mixture (Sigma). Antibodies directed against ETS2 (Santa Cruz, sc-351), HNF4A (Santa Cruz, sc-6557) or JUNB (CST, 3753) were added to 1 mg of a whole cell lysate and this mixture was incubated for 3 h with rotation at 4°C. Prior to adding the antibodies, an aliquot was removed for use as the input sample. Pre-equilibrated Protein A (for rabbit antibody), Protein G (for mouse antibody) or Protein A+G (for goat antibody) Dynabeads in cell-lysis buffer were added to the whole cell lysate/antibody mixtures, and these preparations were incubated overnight with rotation at 4°C. The next day, the Dynabeads were immunomagnetically captured and were washed three times using PBS. The pulled-down proteins were then extracted in sample buffer, separated using SDS-PAGE, and subjected to immunoblotting using the appropriate antibodies followed by detection with Clean-Blot™ IP Detection Kit (HRP) (Thermo Fisher Scientific). All of the co-IPs were repeated two or more times.

ChIP-qPCR {#SEC2-8}
---------

The ChIP assay for BRD4, ETS2, HNF4A and JUNB were performed using HighCell ChIP kit (Diagenode) according to the manufacturer\'s instructions. A549 cells were harvested at 48 h into TGF-β-induced EMT and 10 ^7^ cells were used per ChIP assay. Chromatin was sonicated to an average fragment size of 800 bp using a Qsonica Q700 sonicator. A fraction (1%) of the sonicated chromatin was used as 'input' DNA and the qPCR results were analyzed using the Percent Input Method. The antibodies used for ChIP assay are BRD4 (Bethyl, A301-985A); ETS2 (Santa cruz, sc-365666); HNF4A (Abcam, ab41898) and JUNB (CST, 3753). The primer sequences for qPCR are as follows: EGFR qPCR fwd, GGTTCAAAGAGCAGACGTGG; EGFR qPCR rev, CTGAGAAGCCACGGAAGAGA; ETS2 qPCR fwd, TCTAGGGAGAGGGAACAGCT; ETS2 qPCR rev, CATTCTCAACACAGCAGCCA; HNF4A qPCR fwd, GGTTTTCCCACTACTTCCTGC; HNF4A qPCR rev, GAACCCAGAGCCAGGTGTAT; JUNB qPCR fwd, TTTACAAGGACACGCGCTTC; JUNB qPCR rev, CTTTCCTGGCGTCGTTTCC; VIM qPCR fwd, GTTTCCTCGTTCCCCTTTGG; VIM qPCR rev, GAATTGCTCGTGGGTTGTGT.

RNA sequencing and data analysis {#SEC2-9}
--------------------------------

The sequencing libraries were constructed according to the protocol for the Illumina TruSeq Sample preparation kit. Sequencing was performed on the Illumina HiSeq 2500 sequencer. Library construction and sequencing were performed at the Genergy Biotech Co., Ltd. (Shanghai). Paired-end RNA-seq reads with 101 bp at each end were aligned to the ENSEMBL version 75 transcriptome database using the Bowtie program ([@B23]). The levels of gene expression were quantified using RSEM software ([@B24]). Differential expression analysis was conducted using maSigPro ([@B25]), and the significant genes were selected using an FDR cutoff value of 0.05.

Compiling the list of EMT-related genes {#SEC2-10}
---------------------------------------

We collected the genes with a well-documented role in EMT from several recent reviews ([@B1]--[@B3]). Those genes were then combined with the four regulators identified in this study (ETS2, HNF4A, JUNB and FOXP1) and genes in the QIAGEN EMT PCR Array to generate a non-redundant list of 120 genes. The gene list is then partitioned into E-markers (overexpressed in epithelial state) and M-markers (overexpressed in partial-EMT or mesenchymal state). The list of E-markers is as follows: AREG, CDH1, COL1A2, CXCL5, ELF3, ELF5, ERBB3, FGFBP1, FOXA1, FOXA2, FOXO3A, FZD7, GCLC, GDF15, GSC, IL1RN, KRT19, MITF, MST1R, OCLN, PTP4A1, RAB27B, SIP1, SMAD3, SNAI3, STEAP1, TM4SF18, TSPAN13. The list of M-markers is as follows: AHNAK, AKT1, BMP7, CALD1, CAMK2N1, CAV2, CD59, CDH2, COL3A1, COL5A2, CTGF, CTNNB1, DSC2, DSP, E47, EGFR, ESR1, ETS2, F11R, FN1, FOXC2, FOXD3, FOXF1, FOXP1, FOXQ1, GATA4, GATA6, GNG11, GSK3B, HMGA2, HNF4A, IGFBP4, ILK, ITGA5, ITGAV, ITGB1, JAG1, JUNB, KLF8, KRT14, KRT7, MAP1B, MMP2, MMP3, MMP9, MSN, NODAL, NOTCH1, NUDT13, PDGFRB, PDK4, PLEK2, PPPDE2, PRDX1, PRX1, PTK2, RAC1, RGS2, SERPINE1, SIX1, SMAD2, SNAI1, SNAI2, SOX10, SOX4, SOX9, SPARC, SPP1, STAT3, TCF3, TCF4, TFPI2, TGFB1, TGFB2, TGFB3, TIMP1, TMEFF1, TMEM132A, TPM1, TWIST1, TWIST2, VCAN, VIM, VPS13A, WNT11, WNT5A, WNT5B, ZEB1, ZEB2, ZNF703.

Motif enrichment analysis {#SEC2-11}
-------------------------

We used the Clover algorithm with the default parameter settings for the motif enrichment analysis ([@B26]). Human chromosome 20 sequences were used as the background. The enhancer sequences were extracted from the hg19 genome using the coordinates derived from the ENCODE A549 H3K27ac ChIP-seq data that was also enriched with H3K4me1 but not H3K4me3 signals. Enhancers were classified into three categories: proximal enhancers (located within 10 kb upstream of transcription start sites), distal enhancers (located greater than 10 kb upstream of transcription start sites) and enhancers within gene body and were analyzed separately with Clover.

DREM dynamic regulatory network analysis {#SEC2-12}
----------------------------------------

We used DREM version 2.0 software ([@B27]) to model, analyze and visualize dynamic GRN during EMT, using the following parameters: Filtering Options = Minimum Absolute Expression Change 2 (difference from 0); Search Options = Maximum number of paths out of a split: 2; Model Selection Options = Penalized Likelihood, Node Penalty: 40; Expression Scaling Options = Incorporate expression in regulator data for TF; Minimum TF expression after scaling: 5; Default values were set for other parameters. The key regulators were selected according to the split scores (score threshold \< 0.001).

ChIP-seq data from published sources {#SEC2-13}
------------------------------------

We used published ChIP-seq data from the Gene Expression Omnibus database for ETS2 (GSE49402), HNF4A (GSE25021 and GSE23436), JUNB (GSE51142), FOXP1 (GSE30992 and GSE51142), SMAD3 (GSE41580 and GSE51510), H3K27ac (GSE36204, GSE29611, GSE17312, GSE26320, GSE52658, GSE16256, GSE27823, GSE40129 and GSE36354) and RNAPII ChIA-PET (GSE33664).

ChIP-seq data analysis and visualization {#SEC2-14}
----------------------------------------

We downloaded the processed ChIP-seq data from the Cistrome data browser ([@B28]) and visualized the ChIP-seq peaks using the UCSC genome browser and the WashU EpiGenome browser. The ChIP-seq peak gene assignment and peak overlap were analyzed using HOMER software ([http://homer.salk. edu/homer/](http://homer.salk.%20edu/homer/)). The heatmap matrices were created by counting the tags using a 6-kb window (±3 kb of the ETS2 peak center) and a 25-bp bin size. The tag-density matrix was created by counting the tags using a 3-kb window (±1.5 kb of the ETS2 peak center) and a 25-bp bin size. Super-enhancers were identified as described by Whyte *et al*. All of the plots were generated using R version 3.1.1 software.

Statistical and survival analysis {#SEC2-15}
---------------------------------

Survival analysis was performed using the following public lung cancer data sets: TCGA Lung Adenocarcinoma, GSE50081 and GSE31210. In the case of the TCGA RNA-seq data, samples overexpressing target gene were identified using the procedure outlined by cBioPortal ([@B29],[@B30]). Briefly, the gene expression levels in diploid samples (samples harboring no amplification or deletion of the target gene) were used to calculate the mean value and standard deviation for the analyzed gene. In the case of the microarray gene expression values, the R package mclust was used to identify bimodal expression patterns and the lower-expressing cluster was used to calculate the mean value and standard deviation. Samples overexpressing the target gene were then identified using a *z* -score cutoff of 2. All of the statistical tests and the survival analysis were performed using R version 3.1.1 software.

RESULTS {#SEC3}
=======

Time-course gene expression analysis revealed a three-state EMT transcriptome signature {#SEC3-1}
---------------------------------------------------------------------------------------

To determine the transcriptomic dynamics over the course of EMT, we used an *in vitro* model in which the human small cell lung cancer cell line A549 underwent EMT when treated with TGF-β ([@B18]). Whereas the control cells maintained the characteristics of an epithelial phenotype, A549 cells treated with TGF-β progressively developed a spindle-like morphology and lost their tight connections (Supplementary Figure S1A). Immunoblotting analysis revealed the progressive loss of an epithelial marker (E-cadherin) and gain of a mesenchymal marker (N-cadherin) (Supplementary Figure S1B), confirming that TGF-β induced EMT in A549 cells.

We then conducted RNA sequencing (RNA-Seq) experiments using TGF-β treated A549 cells with biological replicates at eight time points (Supplementary Figure S2). Global analysis of the EMT transcriptomic data revealed 1,633 differentially expressed genes, which fell into three major clusters (Figure [1A](#F1){ref-type="fig"}, Supplementary Table S1). The expression of known epithelial-associated genes, such as SMAD3, ELF3 and E-cadherin (also known as CDH1), was, as expected, rapidly downregulated upon TGF-β treatment. In contrast, the expression of mesenchymal-associated genes, such as VIM, FN1 and N-cadherin (also known as CDH2), was induced early and was progressively upregulated throughout the course of EMT. Whereas those two clusters largely recapitulated the classic gene expression changes that occur during EMT, a smaller gene cluster (196 genes) showed transient upregulated expression 12--36 h into EMT. At 12--36 h into EMT, both epithelial and mesenchymal markers were expressed at intermediate levels (Figure [1A](#F1){ref-type="fig"}), which is consistent with the current definition of partial-EMT. Overall, the transcriptome of A549 cells stimulated with TGF-β to induce EMT exhibited three temporal waves of gene expression, early (epithelial-high), intermediate (partial-EMT-high) and late (mesenchymal-high). This observation is consistent with both the time-course EMT transcriptomic results reported by other groups ([@B31]) and the current prevailing regulatory model of EMT, the Cascading Bistable Switches (CBS) model, which predicts three stable states ([@B21]).

![Time-course transcriptome analysis reveals dynamics of EMT gene expression program. (**A**) Heatmap of the time-course gene expression data for A549 cells undergoing TGF-β-induced EMT. The differentially expressed genes are separated into three clusters. Representative EMT genes are indicated. (**B**) Gene Ontology terms enriched in the three clusters of genes that were differentially expressed during TGF-β-induced EMT.](gkw126fig1){#F1}

Next, we analyzed the Gene Ontology (GO) enrichments in each cluster (Figure [1B](#F1){ref-type="fig"}). The epithelial-high genes were highly enriched with GO terms related to cell cycle. Reduced proliferation is a well-known phenotype associated with TGF-β signaling ([@B6]), and the observed enrichment in cell cycle functions for the early-wave genes was consistent with reports demonstrating a reduced proliferation rate in cells undergoing EMT ([@B32]). In contrast, the top GO terms enriched in the partial-EMT-high gene cluster were regulation of localization and locomotion, and cell adhesion was the top GO term associated with the mesenchymal-high genes. These results are consistent with the increased cell motility observed upon TGF-β treatment, another hallmark of EMT. Despite these differences, all three clusters were enriched with GO terms related to 'response to stimulus', indicating that our clustering captured the key gene expression dynamics of TGF-β-induced EMT.

ETS2, HNF4A and JUNB are putative master TFs of the partial-EMT state {#SEC3-2}
---------------------------------------------------------------------

The gene expression dynamics confirmed that A549 cells progressively transited through three distinctive states during TGF-β-induced EMT. These coordinated transcriptomic changes may be the result of differential TF activities. In accordance with the results of previous studies ([@B18]), we found that the expression of canonical EMT TFs, such as TWIST1/2 and ZEB1/2, was not significantly altered in A549 cells undergoing TGF-β-induced EMT (Supplementary Figure S3A). Although we observed upregulated SNAI1/2 expression, as reported previously ([@B18]), the maximal TPM (transcripts per million) values for SNAI1 (5.58 TPM) and SNAI2 (4.11 TPM), which were confirmed by absolute qPCR (Supplementary Figure S3B), were within the bottom 40% of the values for expressed genes according to the definition of Hebenstreit *et al*. ([@B33]), which suggested that these genes are unlikely to be master TFs for the EMT of A549 cells. Thus additional unknown factors may be involved. We therefore calculated the binding motif enrichment of selected TFs, with the following requirements for each factor: (i) has a known position weight matrix; (ii) with a maximal TPM of \>10; (iii) shows differential expression during TGF-β-induced EMT of A549 cells; (iv) is found within enhancers associated with epithelial-high, partial-EMT-high and mesenchymal-high genes. We applied the TPM cutoff to focus on the TFs with relatively high expression levels, an intrinsic characteristic of master TFs that provides advantages in competing for co-factors to dominate the transcriptional landscape ([@B12]). To identify potential key regulators responsible for the state transitions, we calculated the fold changes in the expression of each factor during state transition, using their 0-h level of mRNA expression as the reference. We then nominated those TFs with significant binding motif enrichment (*P* \< 0.05) and fold expression change (absolute fold change ≥4) as the potential key regulators (Figure [2A](#F2){ref-type="fig"}, Supplementary Figure S4). This analysis confirmed the role of known key regulator of EMT, such as SMAD3 and ELF3, in maintaining the epithelial phenotype. Notably, four TFs, ETS2, HNF4A, JUNB and FOXP1, emerged as the top putative regulators of the partial-EMT state in proximal enhancers, distal enhancers and enhancers within gene body (Figure [2A](#F2){ref-type="fig"}, Supplementary Figure S4). Interestingly, whereas the expression level of FOXP1 increased further upon the transition into the mesenchymal state, the expression levels of ETS2, HNF4A and JUNB fell below the 4-fold cutoff at 72 h into EMT (Figure [2B](#F2){ref-type="fig"}). We validated the protein levels of the four TFs during EMT (Figure [2C](#F2){ref-type="fig"}), confirming that ETS2, HNF4A and JUNB were transiently overexpressed 12--36 h into EMT and that FOXP1 displayed monotonic upregulated expression. Consistent with the CBS model of EMT, the E-low, P-high and M-low expression pattern suggested that ETS2, HNF4A and JUNB are likely regulators of the partial-EMT state and that FOXP1 is a candidate driver of the mesenchymal state.

![Integrative analysis identified ETS2, HNF4A, JUNB and FOXP1 as the putative master TFs of EMT. (**A**) Enrichment *P* -values of TF binding motifs in the proximal enhancers of partial-EMT high genes (x-axis) were plotted against the fold changes in gene expression during EMT (y-axis; 24 h versus 0 h, left panel; 72 h versus 0 h, right panel). Each circle represents a TF. The dotted lines represent the cutoff for the enrichment (*P* -value \< 0.05) and the expression change (absolute fold change ≥ 4). (**B**) Levels of ETS2, HNF4A, JUNB and FOXP1 mRNA during EMT as estimated using RNA-seq. (**C**) Immunoblots showing the levels of ETS2, HNF4A, JUNB and FOXP1 proteins during EMT. (**D**) Venn diagram showing the overlap of the targets of the five EMT TFs derived from published ChIP-seq data.](gkw126fig2){#F2}

To further validate the predicted binding motif enrichment data, we queried the public chromatin immunoprecipitation followed by sequencing (ChIP-seq) data for the known (SMAD3) and putative (ETS2, HNF4A, JUNB and FOXP1) EMT regulators identified in the motif enrichment analysis. Because those ChIP-seq analyses were performed in cells other than A549, we used ENCODE A549 H3K27ac ChIP-seq data as a reference and retained only the TF ChIP-seq peaks that fell within the established A549 cell active enhancers. We then analyzed the ChIP-seq peaks associated with the 1633 genes that were differentially expressed during EMT. Reassuringly, each of the five TFs occupied the enhancers of a substantial number of the 1633 genes, ranging from 512 genes for JUNB to 784 genes for HNF4A (Figure [2D](#F2){ref-type="fig"}). Furthermore, their target EMT genes that were inferred from ChIP-seq data showed a significant overlap (pair-wise overlap *P* \< 10^−16^, Fisher\'s exact test), which was consistent with the binding motif prediction results (Figure [2D](#F2){ref-type="fig"}).

ETS2, HNF4a and JUNB control the transition through the partial-EMT state in a dynamic GRN model {#SEC3-3}
------------------------------------------------------------------------------------------------

To examine whether the same set of master regulators could be derived using an independent algorithm and to obtain a dynamic, systems-level overview of the roles of the putative EMT regulators, we assembled a dynamic GRN for EMT using the DREM (Dynamic Regulatory Events Miner) software ([@B27]). For this analysis, we integrated the time-course gene expression data with the computationally predicted genome-wide binding data for 52 TFs that were differentially expressed during TGF-β-induced EMT. DREM identified a dynamic GRN with prominent splitting points at 6 and 48 h into EMT, which agreed well with the timing of the putative state transitions from E to P and P to M, respectively (Figure [3A](#F3){ref-type="fig"}). Reassuringly, DREM identified ETS2, HNF4A and JUNB as the top-ranked key regulators at the E to P transition. Similar to the E to P splitting points, ETS2, HNF4A and JUNB were nominated by DREM as the top-ranked regulators at the P to M transition. In addition to ETS2, HNF4a and JUNB, DREM also identified known EMT regulators such as SMAD3, ELF3 and HMGA2 as key TFs operating at the splitting points. Importantly, the expression levels of ETS2, HNF4A and JUNB were upregulated at the splitting points compared to the levels at the 0-h time point, suggesting that they may play more active roles during state transitions than regulators with downregulated expression, such as SMAD3 or ELF3. Overall, the predictions obtained using the two independent computational approaches (DREM and binding motif enrichment) agreed well, further establishing ETS2, HNF4A and JUNB as candidate master regulators of the partial-EMT state.

![ETS2, HNF4A and JUNB are key regulators in a dynamic EMT Gene Regulatory Network model. (**A**) DREM output showing a dynamic gene regulatory map of EMT. The y-axis shows the levels of gene expression normalized to those at 0 h. Each line represents a path (cluster) of genes with a similar expression pattern, and nodes represent the hidden states of a hidden Markov model. The green nodes represent splitting points. For each splitting point, TFs with a split score \< 0.001 were listed in ranked order of scores and were colored according to the expression level changes (blue for upregulation; red for downregulation). (**B**) Diagram illustrating the putative core regulatory network derived from DREM analysis. (**C**) Genome browser representation of ETS2, HNF4A, JUNB and FOXP1 binding events near ETS2 gene. (**D**) Same as (C) for HNF4A gene. (**E**) Same as (C) for JUNB gene.](gkw126fig3){#F3}

To gain further insight into the dynamic GRN associated with EMT, we extracted the core module from the DREM-predicted model, retrieving only the interactions connecting the putative key regulators and the key markers of EMT (CDH1 and CDH2) (Figure [3B](#F3){ref-type="fig"}). This analysis revealed a highly modular topology, with 22 of 30 possible intra-module interactions implemented (modularity *P* \< 2.2 ^−16^, Fisher\'s exact test). This module was characterized by feed-forward loops and negative feedback loops, key network motifs to generate bimodality, and was consistent with the canonical EMT regulatory model ([@B21]). Specifically, four of four putative EMT regulators had an autoregulatory loop, a common feature of master TFs ([@B12]). Finally, the three putative partial-EMT state regulators used a clique motif, the most abundant three-protein interaction motif and one of the most conserved GRN motifs ([@B34],[@B35]), suggesting cooperativeness among those regulators.

Validation of the partial-EMT transcriptional regulatory module {#SEC3-4}
---------------------------------------------------------------

According to our dynamic EMT GRN model, the three putative partial-EMT state regulators, ETS2, HNF4A and JUNB, autoregulate and positively regulate each other, repress the expression of the epithelial state markers and upregulate the expression of mesenchymal state regulators/markers. To validate the core partial-EMT regulatory module, we first mined public ChIP-seq data for evidence of direct regulation. Binding events of the putative master TFs on themselves were readily supported by the ChIP-seq data (Figure [3C](#F3){ref-type="fig"}--[E](#F3){ref-type="fig"}). To validate the ChIP-seq results, we performed ChIP-qPCR on selected sites and confirmed that ETS2, HNF4A and JUNB directly colocalized to their own enhancers in A549 cells (Supplementary Figures S5A and S6). Moreover, gene targets supported by the ChIP-seq data and gene targets supported by the motif enrichment data showed extensive overlap (Supplementary Figure S5B), suggesting that the majority of the predicted regulations were the result of direct TF-DNA interactions.

To validate the predicted functional gene regulation by the three putative partial-EMT master regulators, we performed siRNA-mediated silencing of each regulator in A549 cells undergoing TGF-β-induced EMT. To focus on function during the partial-EMT state, siRNAs were introduced into A549 cells 24 h prior to TGF-β treatment, and their effects on mRNA and protein expression were determined 24 h into TGF-β-induced EMT. Compared to the effects of the control siRNAs, siRNAs for ETS2, HNF4A or JUNB significantly reduced the levels of ETS2, HNF4, JUNB, FOXP1 and CDH2 mRNAs and proteins and markedly increased the levels of CDH1 mRNA and protein (Figure [4A](#F4){ref-type="fig"}--[D](#F4){ref-type="fig"}), which was consistent with the predictions of the putative EMT GRN model. Importantly, knocking down the expression of any one of the ETS2, HNF4A and JUNB trio had significant effects, suggesting that their cooperative activity is critical for EMT. Moreover, treating A549 cells undergoing EMT with siRNAs for ETS2, HNF4A or JUNB substantially reduced their ability to migrate and invade (Figure [4E](#F4){ref-type="fig"}, [F](#F4){ref-type="fig"}, *P* \< 0.001) without a detectable influence on cell\'s proliferation or viability (data not shown), supporting the critical roles of these TFs in modulating key phenotypes of EMT. We next tested whether overexpression of the three master TFs was associated with a poor clinical outcome by examining three independent lung adenocarcinoma data sets. We classified the samples into two categories, those that overexpressed at least one of the three master TFs and those in which none of the master TFs was overexpressed. Kaplan-Meier survival analysis revealed that patients with elevated expression of at least one of the three genes had a significantly worse chance of relapse-free survival (Figure [4G](#F4){ref-type="fig"}), demonstrating that the overexpression of ETS2, HNF4a or JUNB is a robust prognostic indicator.

![ETS2, HNF4A and JUNB play critical roles in partial-EMT. (**A**) Quantitative reverse transcription polymerase chain reaction results showing the levels of gene expression in A549 cells during TGF-β-induced EMT after silencing ETS2 expression using a specific siRNA. *n* = 3; error bars indicate mean ± SD. \* *P* \< 0.05; \*\* *P* \< 0.01, determined using the two-tailed Student\'s *t*-test. (**B**) Same as (C) for silencing HNF4A. (**C**) Same as (A) for silencing JUNB. (**D**) Immunoblotting analysis of the protein abundance of indicated genes in A549 cells undergoing EMT treated with siRNAs targeting ETS2, HNF4A or JUNB. (**E**) A549 cells undergoing TGF-β-induced EMT were treated with siRNAs targeting ETS2, HNF4A or JUNB and were subjected to a migration assay. The migratory cells were quantified (bar charts). Scale bars: 100 μm. *n* = 6; error bars indicate mean ± SD. \* *P* \< 0.05; \*\* *P* \< 0.01, determined using the two-tailed Student\'s *t*-test. (**F**) Same as (E) for the invasion assay. (**G**) Kaplan--Meier survival analysis based on the ETS2, HNF4A and JUNB expression levels in three independent Lung Adenocarcinoma data sets for disease-free survival.](gkw126fig4){#F4}

A unique feature of our predicted partial-EMT regulatory circuit was that three master regulators were identified. These master regulators displayed significant co-expression and formed a fully connected module connected by positive feedback loops and autoregulations (a clique). Those features are indicative of cooperative activity. Because a hallmark of enhancer activation is the cooperative assembly of a large trans-factor complex consisting of multiple TFs and their co-factors ([@B9]), we proceeded to test the hypothesis that ETS2, HNF4A and JUNB are part of the same trans-activation complex. Consistent with our ChIP-qPCR data, which showed colocalization of ETS2, HNF4A and JUNB on numerous enhancers (Supplementary Figures S5A and S6), examining ChIP-seq data revealed that the binding sites occupied by ETS2 were also highly occupied by HNF4A and JUNB and that the genomic locations of their maximal peak intensities were within 50 bp of each other (Figure [5A](#F5){ref-type="fig"}, [B](#F5){ref-type="fig"}). We next evaluated the physical interaction of ETS2, HNF4A and JUNB using immunoprecipitation. Compared to the control antibodies, the antibodies specific for each of the three TFs readily pulled down the other two factors (Figure [5C](#F5){ref-type="fig"}). Moreover, immunofluorescence staining showed that ETS2, HNF4A and JUNB were colocalized in the nucleus of A549 cells 24 h into TGF-β-induced EMT (Figure [5D](#F5){ref-type="fig"}). Taken together, these data suggested that the three factors indeed are part of the same regulatory complex and cooperatively regulate EMT-associated genes.

![ETS2, HNF4A and JUNB are synergistic master regulators of EMT. (**A**) Heatmap showing the colocalization of ETS2, HNF4A and JUNB at EMT-associated enhancers. The presence of ETS2, HNF4A and JUNB ChIP-seq peaks are displayed within a 6-kb window centered on the ETS2-bound site. (**B**) Summary plot for the ETS2, HNF4A and JUNB ChIP-seq peak enrichment across the ETS2-binding site associated with EMT genes. (**C**) Endogenous association of ETS2, HNF4A and JUNB. At 24 h into TGF-β-induced EMT, A549 cell lysates were prepared and were immunoprecipitated using the indicated antibody. The presence of associated proteins was then analyzed using immunoblotting. (**D**) Immunofluorescence staining for ETS2, HNF4A or JUNB in A549 cells stimulated with TGF-β for 24 h.](gkw126fig5){#F5}

Super-enhancer characterizes master EMT transcriptional regulators {#SEC3-5}
------------------------------------------------------------------

Recent studies suggested that master TFs dominate the transcriptional programs in various cell types and super-enhancers drive the expression of master TFs ([@B10]--[@B12],[@B36]). To determine whether super-enhancers also characterize the identified EMT master TFs, we analyzed ENCODE A549 H3K27ac ChIP-seq data and identified 1050 super-enhancers (Figure [6A](#F6){ref-type="fig"}). Whereas the enhancers associated with ETS2 barely missed the cutoff value to be classified as a super-enhancer, HNF4A and JUNB were found to be associated with putative super-enhancers (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}).

![Super-enhancers are associated with master EMT regulators. (**A**) The distribution of A549 H3K27ac tag intensities revealed 1050 super-enhancers. The red circles indicate EMT genes associated with super-enhancers. (**B**) Genome browser tracks showing the super-enhancers associated with ETS2, HNF4A, JUNB and SMAD3. The black bars denote super-enhancers. (**C**) Genome browser tracks showing super-enhancers associated with the EGFR gene and the binding events of ETS2, HNF4A and JUNB around EGFR gene. (**D**) Table depicting the enrichment of ETS2, HNF4a and JUNB binding motifs in EMT-associated super-enhancers relative to the genomic background. (**E**) Bar plots showing the enriched association of EMT genes with super-enhancers. Bars represent the observed number of super-enhancer-associated EMT genes and circles represent the expected number of super-enhancer-associated genes assuming no enrichment. \* *P* \< 0.001, determined using Fisher\'s Exact Test. (**F**) Bar plots showing the universal association of EMT genes with active enhancers. Bars represent the observed percentages of active-enhancer-associated EMT genes.](gkw126fig6){#F6}

To test whether other key EMT genes were also associated with super-enhancers, we compiled a list of 120 well-established EMT genes, classified them into epithelial-associated markers (E-markers) and mesenchymal-associated markers (M-markers) and evaluated their intersection with the A549 cell super-enhancer-associated genes. Interestingly, 28 genes from the list of 120 EMT-associated genes were associated with the super-enhancers of A549 cells (Figure [6A](#F6){ref-type="fig"}, [B](#F6){ref-type="fig"}, Supplementary Figures S7A--C). This enrichment was highly significant (*P* \< 10^−14^, Fisher\'s exact test), suggesting that super-enhancers may indeed drive the high expression of numerous key EMT genes. Importantly, binding motifs for ETS2, HNF4A and JUNB were highly enriched in those super-enhancers (*P* \< 10^−6^), suggesting that those master regulators drive the formation of super-enhancers associated with EMT genes (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}).

We next extended the super-enhancer analyses to 8 additional cell lines. While all examined cell lines demonstrated an enriched association of super-enhancers with EMT markers, neither mesenchymal nor epithelial cell lines displayed biased enrichment toward E-markers or M-markers (Figure [6E](#F6){ref-type="fig"}, Supplementary Figure S8). The lack of significant association between super-enhancers in mesenchymal cells with M-markers together with the lack of significant association between super-enhancers in epithelial cells with E-markers raised the interesting possibility that EMT marker genes, regardless of their association with epithelial or mesenchymal phenotype, are always marked with active enhancers. To test this hypothesis, we examined the association of all 120 EMT marker genes with active enhancers in the 9 tested cell lines and found that the vast majority of both E-marker and M-marker genes are consistently associated with active enhancers (Figure [6F](#F6){ref-type="fig"}). This observation is consistent with EMT being a ubiquitous biological process and suggested that the core set of EMT-associated genes are generally active in diverse cell types.

BRD4 inhibitor abolishes TGF-β-induced EMT {#SEC3-6}
------------------------------------------

BRD4 is a transcriptional coactivator from the bromodomain and extraterminal (BET) subfamily of human bromodomain proteins. Recent studies suggested that BRD4 is generally associated with active enhancers ([@B10]). Importantly, JQ1, a recently developed BRD4 inhibitor, preferentially abolishes BRD4 functionality at super-enhancers ([@B10]), indicating that JQ1 may abolish TGF-β-induced EMT by inhibiting the master regulators ETS2, HNF4A and JUNB through the disruption of BRD4 functionality. We first analyzed the colocalization of BRD4 to sites occupied by EST2, HNF4A and JUNB by performing ChIP-qPCR assays utilizing the same set of primers used in ETS2, HNF4A and JUNB ChIP-qPCRs. Reassuringly, BRD4 binding is readily detected at tested enhancers near ETS2, HNF4A, JUNB, EGFR and VIM, confirming that BRD4 colocalized to the same sites occupied by ETS2, HNF4A and JUNB (Supplementary Figure S9). Interestingly, while knocking down HNF4A or ETS2 with specific siRNAs significantly reduced BRD4 binding at some of the tested sites, knocking down JUNB consistently reduced BRD4 binding at all the tested sites (Supplementary Figure S9). The result is consistent with a recent proteome-scale protein-protein interaction analysis showed that JUNB makes physical contact with BRD4 ([@B37]), suggesting that the master regulator JUNB recruits BRD4 to those sites.

To functionally validate the roles of BRD4 inhibitors in EMT, we treated A549 cells undergoing TGF-β-induced EMT with JQ1, which has been extensively utilized to disrupt super-enhancers ([@B10],[@B36]). We tested the effect of JQ1 on the expression of key EMT genes by adding JQ1 to the cell culture medium at 6 h into TGF-β-induced EMT and examined the cells 18 h later. This setup allowed us to specifically target ETS2, HNF4A and JUNB associated super-enhancers at the partial-EMT state without disrupt SMAD3 functionality, which is critical for mediating TGF-β signaling. Indeed, the addition of JQ1 did not interrupt SMAD3 nuclear localization following TGF-β treatment (Supplementary Figure S10). The short JQ1 treatment also excluded molecular and functional impacts from JQ1 induced apoptosis, which occurs after 48 h of JQ1 exposure ([@B38]). As expected, the mRNA and protein levels of ETS2, HNF4A and JUNB were significantly reduced compared with those of the DMSO controls (Figure [7A](#F7){ref-type="fig"}, [B](#F7){ref-type="fig"}), consistent with the association of these genes with super-enhancers. Consequently, the expression of FOXP1 and the mesenchymal marker gene (CDH2) regulated by those master TFs was also downregulated. Furthermore, cells undergoing EMT that were treated with JQ1 displayed significantly reduced abilities to migrate and invade (Figure [7C](#F7){ref-type="fig"}, [D](#F7){ref-type="fig"}, *P* \< 0.01) and thus were losing key EMT characteristics.

![BRD4 inhibitor abolishes TGF-β-induced EMT. (**A**) Quantitative reverse transcription polymerase chain reaction results showing the expression levels of indicated genes in A549 cells undergoing EMT that were treated with various concentrations of JQ1. *n* = 3; error bars indicate mean ± SD. \* *P* \< 0.05; \*\* *P* \< 0.01, as determined using the two-tailed Student\'s *t*-test. DMSO, dimethylsulphoxide. (**B**) Immunoblotting analysis of the expression levels of indicated genes in A549 cells undergoing EMT that were treated with various concentrations of JQ1. (**C**) A549 cells undergoing TGF-β-induced EMT were treated with 500 nM JQ1 (left panels) or the DMSO control (right panel) and were subjected to a migration assay (top panels) or an invasion assay (bottom panels). (**D**) The migratory or invasive cells were quantified (bar charts). Scale bars: 100 μm. *n* = 6; error bars indicate mean ± SD. \* *P* \< 0.05; \*\* *P* \< 0.01, determined using the two-tailed Student\'s *t*-test.](gkw126fig7){#F7}

DISCUSSION {#SEC4}
==========

EMT has been implicated as an integral part of metastasis, and a clear understanding of the underlying molecular mechanism of the latter is crucial for successful clinical therapies. Unfortunately, EMT is a phenomenon that is highly dependent on the cellular context in which it occurs. Despite extensive efforts, the regulatory mechanism of EMT in most cell/tissue types is not fully resolved. Our understanding is particularly poor in the case of partial-EMT, the intermediate state that was recently proposed to hold key insights into metastasis ([@B16]). In this study, we employed a systematic approach to identify all potential key regulators and corresponding GRNs of EMT using an integrative analysis of time-course gene expression data and a large repertoire of published ChIP-seq data. We successfully recovered and validated novel partial-EMT regulators using the small cell lung cancer A549 cell line. In principle, our approach can be extended to any system in which time-course gene expression data is accessible and could be valuable for deciphering EMT mechanisms in other cancers.

In sharp contrast to the canonical EMT model, in which a single TF such as SNAI1 of ZEB1 controls the EMT program, we identified multiple master TFs that synergistically control the EMT transcriptional program in A549 cells. The master TFs physically interact and demonstrate cumulative binding at enhancers of EMT-associated genes, suggesting that the synergistic action of multiple master TFs could represent an intrinsic property of the EMT transcriptional program. Similar to the master TFs identified in other cellular models, the master TFs identified in our study are associated with super-enhancers. In addition to A549 cells, JQ1 inhibited migration and invasion of multiple breast and prostate cancer cell lines (data not shown). Moreover, the disruption of BRD4 function by JQ1 effectively inhibits tumor formation and metastasis in numerous mouse models ([@B39],[@B40]). Although it is not possible to deconvolute the role of BRD4 inhibitors in EMT using vivo assays owing to the massive apoptosis effects from JQ1 administration ([@B36],[@B38]), these observations supported that super-enhancers, the critical role of which in other aspects of tumorigenesis has been demonstrated in several recent studies, are key players in EMT and may together represent a general target for coinhibiting multiple hallmarks of cancers.

Consistent with the mechanism of enhancer formation, we identified 3 synergistic master TFs regulating TGF-β-induced EMT in A549 cells. Interestingly, each of the three factors, ETS2, HNF4A and JUNB, has been previously associated with EMT, albeit in different cellular backgrounds ([@B41]--[@B43]). Aberrant reactivation of lineage specific TFs is a well-known phenomena during tumorigenesis ([@B44],[@B45]). Currently, more than 30 TFs have been implicated in EMT programs underlying a variety of tissue remodeling events ([@B1],[@B2]). It is conceivable that many of them could be reactivated during metastasis. Thus, systematic discovery and characterization of their synergistic interactions may offer substantial insights into the molecular mechanisms underlying EMT and may identify novel prognostic markers as well as new therapeutic targets for controlling metastasis.

AVAILABILITY OF SUPPORTING DATA {#SEC5}
===============================

The data reported in this study have been deposited in GEO under accession number GSE69667.
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